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Noncollinear alignment of the surface and bulk magnetic moment in localized ferromagnets
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A model for noncollinear alignment between the surface-atomic-layer magnetic moment and bulk magnetic
moment is proposed. It takes place due to the competition between ferromagnetic and antiferromagnetic
exchange interactions of atomic layer with the nearest atomic layer and next-nearest atomic layer in the surface
region. The criterion of the stability of surface state with collinear surface to bulk alignment is derived. On the
basis of this criterion the phase diagram of surface magnetic states corresponding to a range of surface to bulk
alignments at zero temperature is presented. We show that within this model the noncollinear surface to bulk
alignment leads to a spiral magnetic structure in the surface region of a bulk ferromagnet. In the framework of
this model a temperature-induced surface spin-reorientation transition takes place due to the change in the
balance between exchange energies in the surface region with temperature. A self-consistent solution of the
magnetization profile determination problem for any number of subsurface layers considered to be perturbed
by the surface is used. In contrast to previous theoretical results we show that the increase in effective magnetic
moment of a surface with temperature observed in experiments with Gd~0001!, Tb~0001!, and FeN3 surfaces
does not necessarily imply antiparallel alignment of surface and bulk magnetic moment at zero temperature.
We demonstrate that this phenomenon is consistent with parallel surface to bulk alignment at low temperature
as demonstrated in recent experiments on the Gd~0001! surface.@S0163-1829~97!01930-9#
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INTRODUCTION

Interest in noncollinear surface to bulk alignment in fe
romagnets originates from the necessity for a physical tr
ment of the results of experiments that demonstrate both
enhancement of the surface Curie temperature with respe
the bulk Curie temperature and anomalous surface magn
behavior nearTCb . These phenomena are usually referred
as surface-enhanced magnetic order~SEMO! and surface
magnetic reconstruction~SMR!, respectively, and have bee
observed in experiments on Gd~0001! ~Ref. 1! and Tb~0001!
~Ref. 2! surfaces, as well as, the FeNi3(111), ~Ref. 3! surface
enriched by iron atoms. The authors of these experime
works made the proposition that the existence of a comp
sation point and increase in signal near the bulk Cu
temperature (TCb) is due to antiparallel of the topmost laye
with respect to the bulk momentmb . Thus, the hypothesis
of an antiparallel orientation ofm1 with respect tomb at
T50 was formulated and subsequentab initio calculations
examined the structural, electronic, and magnetic prope
of Gd~0001! taking into account the total system energ
indicating that the topmost Gd layer momentm1 might be
antiparallel with respect to the bulk magnetic momen4

These results are in direct contradiction with recent exp
ments on the Gd~0001! surface that conclusively demon
strated parallel alignment of the surface and bulk magn
moment at low temperatures,5 however, the description o
the anomalous increase in signal was performed in
framework of spin models in the assumption of antipara
surface to bulk alignment atT50.6 For this reason this prob
lem is still unsolved. The observation of both SEMO a
SMR phenomenon in markedly different systems, i
560163-1829/97/56~6!/3222~9!/$10.00
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transition-metal alloys with itinerant electrons and rare ear
with highly localized 4f electrons, shows that this problem
rather general and interesting in itself.

Theoretical approaches to the description of increase
effective magnetic moment of the Gd~0001! surface7 with
temperature previously have been made in the framewor
the following approximations:~1! Ising model,~2! the pres-
ence of nonzero external magnetic field,~3! a small number
of layers~usually 3 or 4! considered to be perturbed by th
surface, and~4! the assumption of antiparallel alignment
the surface and bulk magnetic moment in the bulk ferrom
netic ~FM! material at zero temperature. It is very importa
to note that all four of these assumptions should not be ma
The last assumption is clearly not valid in the light of rece
experiments mentioned above. It is also well known that
bulk Gd magnetic moment lies in the basal plane atT50.
The increase in temperature leads to a spin reorientatio
the bulk Gd moment to thec axis above 230 K, well below
the bulk Curie pointTCb5293.5 K. The relatively small
thickness of metal films used in experiments (,1000 Å) to-
gether with the long-ranged magneto-dipole interaction fo
the vector moments to lie mainly in the surface plane. The
fore, anXY model for the description of magnetic properti
of thin Gd films is more reasonable than the Ising model.
addition, it is essential that the original experimental me
surements were performed in remanence, i.e., without
presence of an applied external magnetic field.1 This means
that an external magnetic field should not be considered
the physical reason for the surface magnetic moment be
ior. Finally, the results of self-consistent calculations p
sented below show that for a particular set of parameters
temperature-induced spin-reorientation transition at the
3222 © 1997 The American Physical Society
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56 3223NONCOLLINEAR ALIGNMENT OF THE SURFACE AND . . .
face requires one to account for up to ten or more ato
layers to be perturbed by the surface.

The deviation of the topmost atomic-layer momentm1
orientation with respect to the direction of bulk mome
mb of a ferromagnetic material is usually explained based
the difference between the surface and bulk anisotropy c
stants, taking into account the demagnetizing factor.8 The
mechanism of noncollinear ordering in the interface reg
due to roughness is also well known.9 In the present paper
mechanism of noncollinear surface to bulk alignment fo
FM material is proposed based on anXY model that includes
the competition between the energies of exchange interac
of the topmost layer magnetic moment with the nearest-
next-nearest atomic layer moments. The first goal of
present article is the evaluation of the criterion of the sta
ity of collinear surface to bulk alignment, independent
relative orientation, i.e., parallel or antiparallel. The seco
goal is the presentation of the phase diagram of various
face to bulk alignments. We also present a self-consis
model of the magnetization profile vs exchange interactio
and we investigate the evolution of surface magnetic st
related to various kinds of surface to bulk alignment w
temperature. This demonstrates that the competition of
change interactions in the surface region gives rise to re
entation of atomic layer moments with temperature. T
demonstration of temperature-induced spin-reorienta
phase transitions in the surface region for two particular s
of model parameters is the third goal. We show that wit
this model the increase in the effective moment of a surf
with temperature may be described in the assumption of
allel surface to bulk alignment atT50, thus the experimenta
data on SMR available do not necessarily indicate nonpa
lel alignment of surface momentm1 with respect tomb at
T50.

FORMULATION OF THE MODEL

Here we shall consider all the atomic layer vector m
ments mi to lie in the XY plane which is parallel to the
surface plane of a film. The model we use for this work is
XY model with quasiclassical vector moments. This is ap
cable to these films because the Gd atom lies halfw
through the rare-earth series with electronic configuration
@Xe#4 f 75d16s2. In accordance with Hund’s rule the hal
filled f shell has the lowest energy for the maximum sp
moment 7mB . Bulk atoms in Gd metal conserve this larg
moment due to~i! the large intra-atomic interaction in th
4 f shell, ~ii ! the absence of hybridization with conductio
electrons, and~iii ! the screening off electrons by filled
5s25p6 shells. Therefore, from the point of view of the G
band structure the conditions necessary for a spin Ha
tonian are satisfied. In addition, the wave functions off
shells are highly localized, and the interaction between ri
f moments takes place due to Ruderman-Kittel-Kasu
Yosida mechanism. This leads to an oscillatory depende
of exchange integrals on distance both in the bulk10 and near
the surface.11 For this reason our consideration of pheno
enological exchange integrals of different signs both in
bulk and in the surface region is natural. The validity of su
a model was supported in recent calculations of spin confi
rations of Gd13 clusters.12
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The perturbation due to a surface can give rise to a cha
of exchange interactions that extends many atomic lay
deep. For the present model, i.e., a magnetic slab ofN layers,
in principle all of the inter- and intralayer exchange intera
tions forn51,2,3,. . . ,N should be accounted for. Howeve
a system with this many adjustable parameters is not justi
for the description of the current experimental results. F
this reason we consider the intralayer exchange interactio
a surface atom with its neighbors in the topmost atomic la
J11, as the only one that differs from the similar exchan
interactions in the rest atomic layersJnn n52,3,4,. . . ,N.
Then we may denoteaJ[J11 and dJ[Jnn for n
52,3,4, . . . . Similarly, we write the interlayer exchang
interaction in the bulk for an atomic moment with atoms
the next-nearest atomic layergJ[Jn,n12 . We consider the
case of all theJn,n12 equal toL[gJ for every atomic layer
throughout the whole crystal. Finally, we denote the fi
near-neighbor layer interaction asbJ[J12 andJ[Jn,n11 for
n52,3,4, . . . .

It is important to first investigate the bulk phase diagra
to find the range of parameters where the ferromagnetic b
state is stable. For this purpose one should consider the s
state ~SP! of the bulk where the moment rotates to som
anglew as one goes from one atomic layer to the next. In t
case the atomic-layer magnetic momentSn can be written as
Sn5S(coswn,sinwn), wheren is the atomic-layer index. The
formula for the energy of a crystal with such a SP magne
structure described above has the following form:

E52(
n

J~Sn
xSn11

x 1Sn
ySn11

y !2(
n

L~Sn
xSn12

x 1Sn
ySn12

y !

[S2(
n

~J cosw1L cos2w!.

The minimization of this energy with respect to the anglew
gives rise to solutionsw50, w5p, andw5arccos~2J/4L).

FIG. 1. The phase diagram of bulk magnetic states within
XY model for zero temperature in coordinates~Jn,n125L, Jn,n11

5J! with n is the layer index,n@1. The bulk FM state is stable fo
Jn,n115J.0 and21/4,g5Jn,n12 /Jn,n115L/J.
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3224 56A. P. POPOV AND D. P. PAPPAS
These three solutions are the ferromagnetic~FM!, antiferro-
magnetic~AF!, and spiral~SP! cases, respectively, and th
energies can be written as

EFM5S2(
n

~2J2L !,

EAF5S2(
n

~1J2L !,

ESP5S2(
n

S J2

8L
1L D .

The direct comparison of energiesEFM , EAF , andESP with
respect to each other allows one to construct the phase
gram for bulk magnetic states in coordinates (L,J). This
phase diagram is presented in Fig. 1. Below we restrict
consideration to the case of bulk FM state only. For t
purpose we always will require the satisfaction of the follo
ing conditions: J[Jn,n11.0 and g5Jn,n12 /Jn,n11[L/J
.21/4.

CRITERION OF NONCOLLINEAR SURFACE
TO BULK ALIGNMENT

For the ferromagnetic bulk phase discussed above,
influence of the surface can be expected to cause the top
atomic-layer moment to deviate from the direction of bu
magnetization. Here we consider an ideal surface that is
formly magnetized in the plane of each layer. This redu
the problem to a semi-infinite one-dimensionalXY model
with the four adjustable parametersa,b,g,d defined above.
Here we define thez axis to be perpendicular to the plane
the film, andw i is the angle between thei th atomic-layer
moment mi and bulk magnetization vectormb . In accor-
dance with the notation introduced above the sp
configuration energy has the following form:

E52$bJm1m2cos~w12w2!1Jm2m3cos~w22w3!1•••

1bJmN21mNcos~wN21wN!1gJ@m1m3cos~w12w3!

1m2m4cos~w22w4!1•••

1mN22mNcos~wN222wN!#%. ~1!

From this equation we proceed to evaluate the criterion
instability of the collinear~either parallel or antiparallel! sur-
face to bulk moment alignment. Equation~1! can be rewrit-
ten in terms of the relative anglesa i5w i2w i 11 , i.e., the
angles between neighboring atomic-layer vector momentsmi
andmi 11 . Thus, we haveN21 relative anglesa i instead of
N absolute anglesw i

E52JS2@b cosa11cosa21•••1b cosaN21

1g cos~a11a2!1g cos~a21a3!1•••

1g cos~aN221aN21!#, ~2!

where for the two cases of collinear parallel and antipara
surface to bulk alignmenta150 and p, respectively, and
a25a35•••50. Each anglea i is then varied away from the
ia-
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corresponding collinear alignment and the perturbation
the energy is evaluated. For the case of small deviationd i
the expression for energy, Eq.~2!, may be expanded to sec
ond order of everyd i :

E5E01JS2dTAd,

E052JS2@N2362~b1g!1~N24!g#. ~3!

The upper sign corresponds to the case of parallel surfac
bulk alignment and the lower sign to the case of antipara
alignment. For the sake of compactness we introduce vec
d5(d1 ,d2 , . . . ,dN21) and a5(a1 ,a2 , . . . ,aN21). In Eq.
~3! A is a square (N21)* (N21) three-diagonal symmetric
matrix with real matrix elements for both parallel and an
parallel alignment, thoughA↑↑ÞA↓↑ ~see Appendixes A and
B!. The set of (N21) eigenvectorsan of these matrices rep
resents a full set of orthogonal vectors, i.e., it forms a basi
(N21) dimensional space. Therefore, it is possible to
pand vectord in eigenvectorsan

d5c1a11c2a21•••1cN21aN21 . ~4!

Then Eq.~3! may be rewritten in the following form:

E5E01JS2 (
i 51

N21

uci u2L i . ~5!

Since we consider the case of the bulk ferromagnetic ph
the exchange integralJ should be considered positive~see
Fig. 1!. From Eq.~5! we find that for only positive sign of
eigenvalues,L i , the energy is minimal when everyuci u250.
Using this condition in Eq.~4! shows thatd50, i.e., the
collinear ~parallel or antiparallel! surface to bulk alignmen
is stable. On the other hand, if even oneL i becomes negative
then the conditiond50 does not correspond to an ener
minimum and collinear surface to bulk alignment becom
an unstable configuration. Thus, the criterion of instability
any collinear state of the surface is that the minimal eig
value of the corresponding matrixA should be less than zero

This criterion allows one to obtain the condition of inst
bility for any other collinear magnetic structure in the surfa
region. In addition, this criterion remains valid even in t
case of an extended model that allows a greater numbe
layers to interact with a given layer.

NONCOLLINEAR SURFACE TO BULK ALIGNMENT
AT ZERO TEMPERATURE

On the basis of the criterion obtained above the conditi
of instability of both parallel and antiparallel surface to bu
alignment may be expressed in terms of model parame
for the case of a semi-infinite crystal (N→`). The corre-
sponding procedures are presented in Appendixes A an
respectively. These conditions have the following form:

if b5
J12

J
.bF~g![

12A114g

2
and 21/4,g,1`,

then m1↑↑mb ; ~6.1!
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56 3225NONCOLLINEAR ALIGNMENT OF THE SURFACE AND . . .
if b5
J12

J
,bA~g![g

31A114g

2~g22!
and 0,g,2,

then m1↓↑mb; ~6.2!

if 2 ,g,1},

then the state with m1↓↑mb is never stable.

The plots ofbA(g) andbF(g) defined in Eqs.~6.1! and
~6.2! are presented in Fig. 2 and show regions correspond
to parallel and antiparallel surface to bulk alignment, resp
tively. These regions are separated by a finite interval fog
Þ0. This interval corresponds to a noncollinear alignmen
surface atomic layer moment with respect to the bulk. T
existence of noncollinear surface to bulk alignment for
casebA(g),b,bF(g) within the model proposed may b
understood as a consequence of the balance between th
ergy of interaction of a surface momentm1 with its nearest
and next-nearest neighbors. For example, on the right-h
side of Fig. 2 we haveg[J1,3/J.0, i.e., the interaction
betweenm1 and m3 favors parallel alignment betweenm1
andmb . If b5J12/J is also positive then it further stabilize
this configuration, however, ifJ12 is negative and of suffi-
cient strength it can overcomeJ13. The transitional state
shown in Fig. 2 is only possible within anXY model where
the spins are allowed to rotate freely in the surface plane,
the borders of this interval are given by the conditi
bA(g),b,bF(g).

In order to calculate the actual magnetization profile
the casebA(g),b,bF(g) it is necessary to solve an infi

FIG. 2. The phase diagram of a surface magnetic states w
the XY model for zero temperature in coordinatesb5J12/J and
g5Jn,n12 /J. The state with parallel surface to bulk alignment
unstable forb,bF(g). The state with antiparallel surface to bu
alignment is unstable forb.bA(g) and21/4,g,2. If g.2 then
the state with antiparallel surface to bulk alignment is unstable
any value ofb. A spiral magnetic structure exists in the surfa
region for bA,b,bF and 21/4,g,2, and for g.2 it takes
place for anyb,bF .
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nite set of equations after the minimization of energy, E
~2!, with respect to every anglea1

b sina11g sin~a11a2!50,

sina21g@sin~a11a2!1sin~a21a3!#50,

sina31g@sin~a21a3!1sin~a31a4!#50,

A

sinan1g@sin~an211an!1sin~an1an11!#50. ~7!

In the present paper we obtain the magnetization pro
by means of iterative process originally developed
Camley.13 It is based on the consequence of mean-fi
theory that the orientation ofi th layer moment vectormi
coincides with the direction of molecular fieldBi created by
the neighboring atomic layer vector moments. The iterat
process starts from the random initial spin configuration c
sen for the firstNS'10 atomic layers and consists of succe
sive correction of each vector momentmi along the direction
of field vector Bi . All other atomic layer spins (n5L11,
L12, . . . ) areconsidered to be bulklike and are fixed in on
direction. This iterative process gives a solution stable w
respect to the initial profile, and the accuracy required. T
number of atomic layers in the surface region considered
be perturbed by the surfaceNS is increased until it does no
lead to any change in the results obtained at the prev
step. We find that the final state does not depend upon
initial spin configuration, showing the absence of any me
stable states in the surface region, as expected for o
dimensional model.

The results of these calculations confirm the localizat
of bordersbA(g) and bF(g) in the analytic phase diagram
presented in Fig. 2. The noncollinear alignment of the to
most layerm1 with respect tomb is observed and a spira
magnetic structure in the surface region is realized
bA(g),b,bF(g). The dependences of anglesw i on the
model parameterb5J12/J for a given value ofg are pre-
sented in Fig. 3. This result is in accordance with the res
of an analytical investigation of magnetization profile b
means of corresponding differential equation on the funct
w( i ) obtained for asymptotic casei @1 from the last equa-
tion in Eq. ~7!;

a i5w i2w i 11;expF2 i
A114g

2g G for
21

4
,g,0,

~8.1!

a i5w i2w i 11;~21! iexpF2 i

g G for 0,g. ~8.2!

It is easy to see from Eqs.~8.1! and ~8.2! that the profile
depth depends only on the ratio of bulk exchange integ
g5Jn,n12 /J. In particular, it follows from Eq.~8.1! that asg
approaches21/4, i.e., as the point corresponding to the F
state of the bulk in Fig. 1 approaches the border with the
state of the bulk, the depth of the SP profile approac
infinity. Thus, we see from both Fig. 3 and formulas~8.1!
and~8.2! that the noncollinear surface to bulk moment alig
ment leads to a SP magnetic structure in the surface reg

in

r



ll

m
te
ra

r
ro

in

all

-

an
en-

It

ted

the
re

is
d

tio
en

r-
-

3226 56A. P. POPOV AND D. P. PAPPAS
TEMPERATURE-INDUCED SURFACE
SPIN-REORIENTATION PHASE TRANSITIONS

For finite temperatures both the direction and therma
averaged magnitude of the magnetic moment of the atom
the i th layer must be specified. In order to calculate the te
perature dependence of the surface magnetization the i
tion process operates as follows. We first choose an arbit
initial spin configuration in the firstNS (NS'10) atomic
layers with all the spins equal toS57/2. All other atomic-
layer spins (n5NS11, NS12, . . . ) are considered to be
bulklike and are fixed in one direction. The thermally ave
aged magnitude of spins in these bulk layers is obtained f
the transcendental equation

FIG. 3. The dependence of atomic layer moments orienta
angles (w1 ,w2 ,w3) on the interaction between the surface mom
and the second layer momentb5J12/J for g520.125 ~top three
panels!. The dependence of energy differencesDE on b is shown in
the bottom panel.EFM is the energy of a crystal with parallel su
face to bulk alignment,EAF is the energy of a crystal with antipar
allel surface to bulk alignment,ESP is the energy of a crystal with
spiral magnetic structure in the surface region.
y
in
-
ra-
ry

-
m

^mb&5BSS mbHb

kBT D ,

wherekB is the Boltzmann constant,BS(x) is the Brillouin
function defined by the formula

BS~x!5S S1
1

2D cthFxS S1
1

2D G2
1

2
cthS x

1

2D ,

andHb is a molecular field that affects every atomic spin
the bulk,

Hb5~2g121d!Jmb .

Thus, we know both the direction and the magnitude of
bulk spins for a given value of temperatureT. We then allow
the spin of an atom in the topmost layer (n51) to rotate in
the direction of the molecular fieldH10 created by the neigh
boring spins in the second and the third atomic layers,

H105bJm21gJm3 .

To obtain the thermally averaged magnitude of spin of
atom in the topmost atomic layer we solve the the transc
dental equation

^m1&5BSS m1H1

kBT D ,

whereH1 is the actual molecular field in the topmost layer.
differs from H10 in that the contribution to molecular field
from the neighbors in the topmost atomic layer is accoun
for, i.e.,

H15H101aJm1 .

The same procedure is done with spins of atoms up to
NSth atomic layer. The corresponding molecular fields a
defined by formulas

H205bJm11Jm31gJm4 , H25H201dJm2 ,

H305gJm11Jm21Jm41gJm5 , H35H301dJm3 ,

A

Hn05gJmn221Jmn211Jmn111gJmn12 ,

Hn5Hn01dJmn ,

A

HL21,05gJmL231JmL221JmL1gJmb ,

HL215HL21,01dJmL21 ,

HL,05gJmL221JmL211J~11g!mb ,

HL5HL,01dJmL .

The iterative process goes along this chain ofNS atomic
layers until the accuracy required for a stable state
achieved~Dw i'1025, Dmi'1023!. This process is repeate

n
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for increasing numbers of subsurface atomic layers u
there is no change in the results obtained relative to the
vious step.

In order to compare our numerical results to the exp
mental spin polarized low energy electron diffractio
~SPLEED! measurements it is necessary to calculate
weighted average of the surface magnetic region. We si
late the SPLEED asymmetryA by using an exponentially
decaying response function:

A5 (
n51

`

mncos~wn!exp~2kn!, ~9!

wherek;1021 for typical SPLEED energies.1 The experi-
mental results mentioned above also show that the sur
has an enhanced Curie temperatureTCs , with respect to
bulk. We simulate this using an increased interlayer
change coupling at the topmost layer. The analysis of
temperature dependence of the surface magnetizatio
rather complicated due to the large number of free par
eters. In the present article, therefore, we consider only
points on the phase diagram, (g,b)5(20.2,10.28) and
~10.5,20.84!. These points are chosen to demonstrate h
the SPLEED signal can be expected to behave with temp
ture for parallel and antiparallelT50 surface to bulk align-
ment, respectively.

For the first case, (g,b)5(20.2,10.28), i.e., parallel
alignment ofm1 with respect tomb at T50, we find that the
parallel surface to bulk moment alignment is stable up
reduced temperaturet15T/TCb50.450. Above this tem-
perature, a continuous spin reorientation occurs as the
most layer rotates in theX-Y plane to the antiparallel orien
tation at t250.879. Similarly, the second atomic mome
undergoes a 180° continuous rotation from parallel to a
parallel betweent350.952 andt450.973. No other reorien
tations occurs for these particular values ofg,b up to tCs .
The corresponding SPLEED asymmetryA and the total mo-
ment M tot of the entire sample are shown in Fig. 4. As e
pectedA goes negative beforeM tot goes to zero because th

FIG. 4. The dependence of SPLEED asymmetryA and total
moment of a crystalM tot on reduced temperaturet5T/Tcb for
a5J11/J52.7, b5J12/J50.3, g5Jn,n12[L/J520.2, d5Jn,n /
J51 (n52,3,4, . . . !, andk50.1 for the case of parallel surface t
bulk alignment atT50.
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SPLEED is sensitive to the first few atomic layers. Here,
show the signal going positive above the compensation t
perature,t051.0065, because the SPLEED measureme
were made in remanence after applying a brief positive m
neting pulse at every temperature. An important aspec
Fig. 4 is that bothA andM tot continue to increase monoton
cally to their maximum value before going to zero at t
surface Curie temperature,tCs51.057. This behavior corre
sponds closely to the actual experimental results,3 and occurs
within the present model due to the fact that the magnet
tion profile tail, m31m41m51••• , decreases with tem
perature more rapidly than magnetization of the first t
layers,m11m2 .

For the second case, (g,b)5(0.5,20.84), i.e., antiparal-
lel alignment ofm1 with respect tomb at T50, we find a
similar series of reorientation transitions with slight diffe
ences. For example, betweent150.965 andt250.975 both
m1 andm2 simultaneously rotate by 180°. This results in
spin configuration with onlym2 antiparallel tomb . In addi-
tion, we find thatm4 flips at t51, resulting in a spin con-
figuration with onlym2 and m4 antiparallel to the bulk be-
tweent5tCb and t5tCs . This is due to the inclusion of an
extended number of layers,NS.20, in the iterative process
The plot ofA vs t for this case is presented in Fig. 5. Th
increase inA above t50.965 is due to the fact tha
m1.m2 in this temperature range. Abovet250.975A de-
creases as the magnetization goes to zero attCs .

The plots ofA(t) shown in Figs. 4 and 5 resemble th
experimental results from Gd~0001!.1 This shows that it is
very difficult to distinguish these cases based on the av
able SPLEED data.1,3 More recent spin-resolved seconda
and photoemission electron spectroscopy show no s
change of the polarization abovetCb .14 In order to under-
stand these results within our model it is necessary to inv
tigate the temperature dependence of the surface for a w
range of parametersa,b,g,d. In addition, we are currently
considering the contribution due to biquadratic exchan
coupling and surface anisotropy. The results presented

FIG. 5. The dependence of SPLEED asymmetryA on tempera-
ture t5T/Tcb for a5J11/J54, b5J12/J520.85, g5Jn,n12

[L/J50.5, d5Jn,n /J51 (n52,3,4, . . . !, and k50.25 for the
case of antiparallel surface to bulk alignment atT50.
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are an illustration of a more general concept, i.e., the con
eration of the competing exchange integrals in the surf
region of a localized spin system.

In conclusion, a model for the noncollinear surface
bulk alignment in a ferromagnet is proposed. In the fram
work of this model noncollinear alignment takes place due
the balance of competing exchange interactions in the
face atomic layer with the nearest and the next-nea
atomic layer. The criterion of noncollinear surface-bu
alignment was derived. On the basis of this criterion
phase diagram of the surface states corresponding to va
coupling parameters is shown for zero temperature. The
istence of a temperature-induced surface spin-reorienta
transition is demonstrated for two particular sets of mo
parameters corresponding to parallel and antiparallel sur
to bulk alignment at zero temperature. The increase in ef
tive magnetic moment of a surface with temperature
served in experiments with Gd~0001!, Tb~0001!, and FeNi3,
therefore does not necessarily indicate nonparallel alignm
of surface moment with respect to bulk at low temperatur
This may be alternatively explained within the assumption
parallel surface to bulk alignment in correspondence w
recent experimental data.
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APPENDIX A

Here we derive the analytic expression for the instabi
condition of a surface state withparallel surface to bulk
h
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alignment in terms of model parameters. For this purpose
find the minimal eigenvalue of the matrixA↑↑ and require it
to satisfy the criterion (Lmin,0) derived in the main text.
The equation for eigenvaluesL i of the matrix A↑↑ corre-
sponding to the case of parallel surface to bulk alignmen

~A1!

Here «5«02l, l5L/g, «05(2g11)/(2g), k5(g11
2b)/(2g). Thus, the parameterk represents the surface pe
turbation caused by the absence of atomic layers above
surface. The analytic results following are obtained for t
case of a semi-infinite crystal with a surface, i.e.,N→`.
This means that we may neglect the surface perturbatio
the other surface of a film, i.e., we may set the parameterk in
the bottom right corner of the matrixA↑↑ to zero. Then Eq.
~A1! may be rewritten as

dN212kdN2250. ~A2!

Here di is a determinant of a (i 3 i ) matrix similar to Eq.
~A1! but with all the diagonal elements equal to«, i.e., for
k50. For various values of«, di can be evaluated to find
di55
~21! i

sinhw~ i 11!

2isinhw
, «,21, «52coshw, w.0,

sinw~ i 11!

2isin w
, u«u,1, «5cosw, w.0,

sinhw~ i 11!

2isinhw
, «.1, «5coshw, w.0.

~A3!
r-

t
o
e.

in
Since the expression for« contains the eigenvalueL
~«5«02l, l5L/g! the form of Eq. ~A2! depends on the
interval over which the eigenvalue axis is considered. T
means that while searching for eigenvalues we should c
sider all the possible cases shown in Eq.~A3!. Each separate
case is shown below.

~1! u«u,1. In this case the reduced eigenvaluesl
5L/g belong to a ‘‘band’’

«021,L/g,«011.
is
n-

~a! If g.0 then the expression for the bottom of the co
responding band for eigenvaluesL is equal tog(«021), and
taking into account the expression for«0 presented above, i
is equal to 1/2, i.e.,L.0. Therefore, in this case there are n
eigenvalues which could cross zero and become negativ

~b! If 21/4,g,0 ~the left part of this double inequality
means that the FM state of a bulk is still stable, as shown
Fig. 1! then the corresponding bottom of the ‘‘band’’ forL i

is when L5g(«011)[(4g11)/2, i.e., L i.0. The re-
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sults of~a! and~b! show that eigenvalues which belong to
‘‘band’’ can never cross zero, i.e., they are not able to sat
the criterion derived.
We now consider the case of eigenvalues that are split f
the ‘‘band’’.

~2! «,21. In this case Eq.~A2! may be written using Eq
~A3! in the form

2k5
dN21

dN22
52

sinwN

sinw~N21!
→2exp~w!,

w.0, N→`. ~A4!

Since w.0 this equation has a solution for only the ca
2k,21. The corresponding eigenvalue which satisfies t
equation is

L5g@«01cosh~w!#5gF«02
1

2 S 2k1
1

2k D G
5

g2~b22b!

2@g2~b21!#
. ~A5!

~3! «.11. In this case Eq.~A2! may be written using Eq
~A3! as

2k5
dN21

dN22
51

sinwN

sinw~N21!
→1exp~w!,

w.0, N→`. ~A6!
a
th

tra

ic
e
e

it
r-
q

y

m

is

Since w.0 this equation has a solution only for the ca
2k.11. The corresponding eigenvalue which satisfies t
equation is

L5g@«02cosh~w!#5gF«02
1

2 S 2k1
1

2k D G
5

g2~b22b!

2@g2~b21!#
. ~A7!

Thus, we see that the expressions forL obtained for both
«,21 and«.11 coincide. The solution of trivial inequal
ity L,0 for the case«,21, i.e., for the case 2k,21
gives the result

b,bF5
12A114g

2
for 21/4,g,0. ~A8!

The solution of the same inequalityL,0 for the case
«.11, i.e., for the case 2k.11 gives absolutely the sam
result for 0,g,}. Thus, we have the same result~A8! in
the entire interval ofgP(21/4,1}), i.e., the condition of
instability of the state of a surface with parallel surface
bulk alignment.

APPENDIX B

Here we derive the analytical expression for the instabi
condition of a surface state withantiparallel surface to bulk
magnetic moment alignment in terms of model paramet
In this case the equation on eigenvalues is
det A↓↑5detI «2k 21/2 0 0 0 0

21/2 «21 1/2 0 0

0 1/2 « 1/2

0 0 1/2 0 0

« 1/2 0

0 0 1/2 «21 21/2

0 0 0 0 21/2 «2k

I 50. ~B1!
en-
ur-
ure

band
lu-
n

Here «5«02l, l5L/g, «05(2g11)/(2g), k5(b13g
11)/(2g). Thus, we see that in contrast to the case of p
allel surface to bulk alignment two matrix elements in bo
the upper left and the lower down corners of matrixA↓↑
differ from the corresponding matrix elements in the cen
part of the matrix@compare Eq.~B1! with Eq. ~A1! in Ap-
pendix A#. This is due to the fact that the second atom
layer interacts with the antiparallel topmost layer. In oth
words, the surface perturbation extends for two atomic lay
on each side of theN layer film. Below all the analytic re-
sults are obtained for the case of a semi-infinite crystal w
a surface, i.e.,N→`. Again we neglect the surface pertu
bation at the bottom of the film as in Appendix A. Then E
~B1! may be rewritten as

dN212~k11!dN221kdN2321/450. ~B2!
r-

l

r
rs

h

.

Here di is a determinant of a (i 3 i ) matrix described in
Appendix A and is determined by formula~A3!. The expres-
sion for « in Eq. ~B1! contains the eigenvalueL that we are
searching for~«5«02l, l5L/g!. The form of the equa-
tion on eigenvalues depends on the interval on the eig
value axis considered, similar to the case of the parallel s
face to bulk alignment. Therefore, we repeat the proced
described there, i.e., consider three possible cases.

~1! u«u,1. In this case the reduced eigenvaluesl
5L/g belong to a ‘‘band’’

«021,L/g,«011

and corresponding analyses gives the same result as the
case in Appendix A. As a result we have the same conc
sion: all the eigenvalues which belong to a ‘‘band’’ ca
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never cross zero, i.e., they are not able to satisfy the crite
for instability of collinear alignment surface-bulk.

~2! «,21. In this case Eq.~B2! on eigenvalueL may
be rewritten using Eq.~A3! in the form

sinhwn12~k11!sinhw~N21!14k sinhw~N22!

12 sinhw~N23!50. ~B3!

Sincew.0 in the limit N approaches infinity we find

X312~k11!X214kX1250, ~B4!

where X5exp(w). Since w.0 we should only search fo
solutionsX.1. Analysis of the evolution of the roots of th
latter equation depending on parameterk shows the root
X0.1 is possible in the case ofk,25/6 only. Further de-
crease ink leads to an increase inX0 .

To determine when the eigenvalue corresponding to
root crosses zero, we obtain the condition for the followi
inequality:

L5gl5g~«01coshw!5g@~2g11!/~2g!1~X1X21!/2#

,0. ~B5!

~a! In the case ofg.0 this inequality may be rewritten a

X211

2X
,2

2g11

2g
. ~B6!

Since we may have only rootsX.1 this inequality cannot be
satisfied, and we have to consider the case of negative va
of g.
m

h

tt
d

d
ag
ta
a
tr
n

is

es

~b! In the case of21/4,g,0 Eq.~B6! should be written
in the following form:

X211

2X
.2

2g11

2g
. ~B7!

Variation of g in interval (21/4,0) allows one to satisfy the
inequality ~B7! with values ofX that are greater than 1. In
this range we find

X.2
2g111A4g11

2g
. ~B8!

The right side of this inequality is greater than 1 f
21/4,g,0. Therefore, the investigation of Eq.~B4! on
rootsX.1 using inequality~B8! leads to the following con-
clusion: since inequality~B8! must be satisfied, the param
eter k in Eq. ~B4! should be less than some critical valu
This means that we must require the satisfaction of the
lowing inequality:

2k5
b13g11

g
,2

X312X212

X212X
. ~B9!

The solution of this inequality with respect tob using Eq.
~B8! gives the following result for interval21/4,g,0:

b.bA5g
31A114g

2~g22!
. ~B10!

~3! «.11. In this case a similar investigation leads to t
same result~B10! for 0,g,12. However, if12,g then
the state with antiparallel alignment of surface to bulk m
ment is never stable.
en-
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